This paper studies the bioadsorption of Pb 2+ , Cu 2+ , Cd 2+ and Zn 2+ ions by marine alga Sargassum filipendula and by the alginate biopolymer extracted from this alga. The objective is to evaluate the importance of this biopolymer in removing different metallic ions by the marine alga S. filipendula. In the equilibrium study, the same affinity order was observed for both bioadsorbents: Pb 2+ > Cu 2+ > Zn 2+ > Cd 2+ . For Pb 2+ and Cu 2+ ions when the alginate is isolated and acting as bioadsorbents, adsorption capacities greater than those found for the alga were observed, indicating that it is the main component responsible for the removal of metallic ions. For Zn 2+ and Cd 2+ ions, greater bioadsorption capacities were observed for the alga, indicating that other functional groups of the alga, such as sulfates and amino, are also important in the bioadsorption of these ions.
Introduction
Seaweeds are one of the types of macroscopic biomass known for their metal-sorbing potential. In several ocean locations, marine macroalgae are abundant and of very fast growth, which allows them to be easily collected in large quantities 1 . In brown seaweeds, the capacity of removing several metallic species is attributed to the biochemical constitution of their cellular wall, which is basically composed by three types of biopolymers: alginate, fucoidan and cellulose, which might provide several functional groups as binding sites (amino, carboxyl, sulfates). Alginate is its main polysaccharide, and the presence of mannuronic (M) and guluronic (G) acids in this biopolymer is directly related to the bioadsorption capacity of metallic ions.
Bioadsorption studies with marine alga Sargassum sp. have shown that carboxylic and sulfate groups (present in alginic acid and fucoidan) are active in ionic exchange. The carboxylic groups presented in the biomass are mostly constituted (typically approximately 70%) in sites in dry alga and play an important role in bioadsorption, being responsible for approximately 90% metal immobilization in the process 2 . The alga bioadsorption capacity is directly proportional to the presence of these sites in the alginate polymer.
The alginate biopolymer represents up to 40% dry matter in brown marine algae. It is a linear polymer with high molecular weight constituted by two uronic acids -β-Dmannuronic (M) and α-L-guluronic (G) 3 . Differences in molecular conformation between M and G blocks are the main responsible for the variation in alginate affinity for metallic ions 4, 5 . Several studies point out the high efficiency of different species of the marine alga Sargassum in the bioadsorption of different metallic ions, many of these using Brazilian Sargassum sp. [6] [7] [8] [9] No studies were found using alginate extracted from Brazilian algae for application as bioadsorbent. The isolated study of this biopolymer as a bioadsorbent might aid the understanding of the mechanisms involved in the bioadsorption process of different metallic ions by the marine alga.
The alginate biopolymer is extracted as sodium alginate and can be characterized by determining the M/G ratio using nuclear magnetic resonance spectroscopy (NRS). The addition of calcium ions to a solution of sodium alginate promotes instantaneous jellification of the contact region, which happens when the calcium ions are diffused through the gel-membrane interface 10 and the gel formed can no longer be managed.
The mechanism forming alginate gel can be explained by the 'egg box' model for interactions of G segments with calcium ions. Block G regions are aligned side by side, resulting in the formation of a cavity, with calcium ions forming the link between the chains, similar to an egg in its package, making a tri-dimensional network.
This study used the jellification process for the preparation of calcium alginate used as the bioadsorbent, where the bioadsorption of Pb 2+ , Cu
2+
, Cd 2+ and Zn 2+ ions by marine alga Sargassum filipendula and by the alginate biopolymer extracted from this alga in the form of calcium alginate were evaluated. 
Material and Methods

Metal solutions
Marine alga Sargassum filipendula
The marine alga S. filipendula was collected on the North Coast of São Paulo State, in the city of São Sebastião, Brazil. The alga was rinsed with distilled water and dried at 60 °C for 24 hours prior to being stored. Biomass was grinded and separated by dynamic sieving with a mean diameter of 0.59 mm.
Extraction of alginate present in the alga
The method described by McHugh 11 was used for extracting the alginate. The dry alga was soaked in formaldehyde 0.4% for 30 minutes, rinsed with water and dropped into a HCl solution (0.1 mol.L -1 ) for 2 hours. Then, the samples were rinsed again in distilled water before extraction in 2% sodium carbonate solution. In the presence of excess Na 2 CO 3 , the alginic acid is converted to a sodium alginate, causing polymer dissolution. The alginate extraction was carried out at 60 °C by soaking for 5 hours. The sample was filtered to separate the alga residue and the precipitated sodium alginate with ethanol.
Preparation of alginate for application as bioadsorbent
In order to be used as adsorbent, calcium alginate beads were prepared. A solution of sodium alginate was prepared by dissolving 5 g alginate in 100 mL deionized water under high agitation. The solution was then dripped into an aqueous solution of calcium chloride at 4% (CaCl 2 .2H 2 O, Nuclear brand). The alginate beads were kept in contact with calcium chloride for 24 hours. Following this period, the beads were rinsed in deionized water and left to dry at room temperature.
The morphology of the calcium alginate beads was evaluated by scanning electronic microscopy. This technique allowed to obtain images with high amplification and high resolution, enabling the evaluation of particle forms by means of interaction between an incident ray of electrons scanning the surface of the sample. The samples received carbon coating, and micrographs were obtained in a LEO, model LEO 440i scanning electronic microscope, with increases of 50-, 150-and 3000-fold.
Alginate bead average diameter and sphericity before and after drying were determined by microphotographs obtained in optical microscope coupled to an image acquisition system, using SigmaScan Pro 4 software.
Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR was used to identify the functional groups in the alga and alginate extracted from alga samples before and after the bioadsorption of metallic ions. Infrared spectra were recorded in the 4000-650 cm -1 region using a Thermo Nicolet instrument, model IR-200. The ATR (attenuated total reflection) device allowed the obtaining of information about the surface.
Bioadsorption kinetics
The behavior of metallic ion bioadsorption kinetics was studied using the marine alga S. filipendula and the alginate biopolymer extracted from that alga, with the objective of evaluating the rate of bioadsorption in relation to time. The tests were performed with alginate and alga beads (1 g) added to 500-mL metallic solution (pH 4.5 and 250 rpm agitation) in a metallic ion initial concentration of approximately 4.0 mmol.L -1 . The metal adsorption capacity by the adsorbents was calculated according to the mass equilibrium, equation 1.
where: q j = metallic ion j adsorption capacity (mmol.g 
Equilibrium bioadsorption
In order to obtain equilibrium bioadsorption data for metallic ions, the static method was used, where a series of solutions (100 mL) with different metallic ion concentrations were placed in contact with 0.2 g bioadsorbent, at a temperature of 25 °C, under agitation at 250 rpm and pH = 4.5, adjusted with nitric acid at 0.05 M. The Langmuir Isotherm model was used to adjust the equilibrium data. The adjustment was performed by non-linear regression using the software Origin 6.0. Figure 1a presents the beads, in gel form, obtained from the jellification of sodium alginate (extracted from the alga) in calcium chloride, before the drying process.
Results and Discussions
Calcium alginate beads obtained before and after the drying process
Micrographs for the dry calcium alginate beads are presented in Figure 1b -d with 50-, 150-and 3000-fold magnification. It can be observed that the surface is very rugged and presents depressions, resulting from the shrinking that takes place during the drying process. The rugosity can increase the superficial area, easing the diffusion of metal ions in the particle. Lagoa & Rodrigues 12 observed a similar appearance for dry beads with 2% sodium alginate, although they were not as spherical as the ones presented in Figure 1 . The diameter of moist beads, calculated by the SigmaScan Pro 4 software, was 3.14 mm ± 0.18, while the sphericity was 0.83 ± 0.02. The dry spheres presented diameter of 1.02 mm ± 0.75 and sphericity of 0.82 ± 0.07.
Evaluation of functional groups presented in marine alga Sargassum filipendula and extracted alginate biopolymer
Fourier Transform Infrared (FT-IR) analysis has been frequently used to detect how vibrational frequencies (bands) vary in marine algae [13] [14] [15] [16] [17] . This technique offers excellent information on the nature of the present bands, allowing the identification of different functionalities on the cellular surface. Band shifting provides an indication of the functional group interaction with metallic ions.
Identification of functional groups present in Sargassum filipendula alga
By analyzing the spectra obtained for the marine alga S. filipendula, the following bands and corresponding related functional groups were identified:
The 1414-and 1616-cm -1 bands are attributed to carboxylic (COOH) groups present in the alginate biopolymer 18, 16 . The band at 1229 cm -1 is attributed to sulfate (SO 3 ) groups present in the fucoidan biopolymer 16 . The band at 1537 cm -1 is attributed to amino groups present in proteins 19, 15 . The band at 1029 cm -1 is attributed to alcohol groups 1 . Also, according to Mathlouthi and Koenig 18 , the band frequency between 3200 and 3500 cm -1 corresponds to amino (-NH 2 ) and alcohol (-OH) groups.
Identification of functional groups present in the alginate biopolymer extracted from the Sargassum filipendula alga
By analyzing the spectra obtained for the alginate extracted from marine alga S. filipendula, the following bands and corresponding related functional groups were identified: 1418-and 1620-cm -1 bands present in mannuronic (M) and guluronic (G) acids in the alginate biopolymer 18, 16 ; 1320-, 1123-and 1086-cm -1 bands correspond to CC, CO and CCH groups 14 , present in acids forming the alginate biopolymer. 1026-and 3443-cm -1 bands are attributed to alcohol groups 16 . The bands identified for mannuronic and guluronic groups were at 815 cm -1 and 778 cm -1 , respectively.
Efficiency of the extraction process
Initially, a comparison between the spectra obtained for marine alga S. filipendula and the alginate biopolymer extracted from this alga was performed. The alginate extraction yield from the marine alga S. filipendula was 17%. According to Percival and McDowell 20 , the amount of alginate present in brown algae ranges from 10 to 40%. It can be observed that the band attributed to the sulfate group in the fucoidan biopolymer and the bands corresponding to protein amino groups present in the marine alga disappear in the spectrum obtained for the extracted alginate, indicating efficiency in the extraction. For alginate extracted from the alga, the identified bands corresponded to carboxylic, alcohol groups, as well as mannuronic and guluronic acids forming the biopolymer. It can also be noticed, in the spectrum obtained for the extracted alginate, the appearance of 1320-, 1123-and 1086-cm -1 bands corresponding to CC, CO and CCH groups present in mannuronic and guluronic acids forming the alginate biopolymer. Figure 2 presents the spectra obtained for the marine alga S. filipendula before and after the bioadsorption of different metallic ions. Table 1 , naturally present in brown marine algae. Since these species are competition elements, this result indicates that the ionic exchange process is taking place.
Changes after the bioadsorption of different metallic ions by marine alga Sargassum filipendula
By analyzing the shift in 1537-cm -1 band, its disappearance after the bioadsorption of Cu 2+ and displacement to 1531 cm -1 after the bioadsorption of the remaining ions can be observed, indicating that the amino groups, present in proteins, are involved in the bioadsorption process of these ions.
The spectra corresponding to 1240-and 1034-cm -1 bands represent the SO 3 groups in the fucoidan biopolymer and the alcohol group in the alginate biopolymer. It can be observed that these groups are participating in the bioadsorption process of all metallic ions, since the ions cause the shifting of this band. It is also noticed that the alcohol group suffered a more significant shift when Pb 2+ ion was present in the solution.
The bands corresponding to mannuronic and guluronic acids, which form the alginate biopolymer, disappear after the ion bioadsorption process, indicating the strong participation of these groups in that process.
Kleinübing et al. 13 studied the functional groups present in marine alga S. filipendula, before and after the bioadsorption of Cu 2+ and Ni 2+ metallic ions using FT-IR technique. The authors noticed that the carboxylic (COOH) and alcohol groups present in the alginate biopolymer, the sulfate (SO 3 ) groups present in the fucoidan biopolymer and the amino groups present in the proteins participate in the bioadsorption process of metallic ions. Figure 3 presents the spectra obtained for the alginate extracted from the marine alga S. filipendula, before and after the bioadsorption of different metallic ions. Table 2 presents the shifts suffered by the bands after the bioadsorption of different metallic ions by the alginate biopolymer extracted from the alga.
Changes after the bioadsorption of different metallic ions by the alginate extracted from the alga
Shifts can be observed in the 1618-cm -1 band, which represents the carboxylic groups, COO-M, where M stands for calcium ions used in the jellification process for the formation of calcium alginate beads, indicating that the ionic exchange mechanism between the metallic ions and calcium ions is working.
For all ions, shifts in 1320-, 1123-and 1086-cm -1 bands correspond to the CC, CO and CCH groups, present in and Zn 2+ ions, indicating the importance of the CO group in removing metallic ions.
The band at 1026 cm -1 attributed to alcohol groups was shifted in the presence of ions, emphasizing the Pb 2+ ion with very significant results. The bands corresponding to the mannuronic and guluronic groups forming the alginate biopolymer were shifted after the ion bioadsorption process, showing the effective participation of these acids in the bioadsorption process.
Comparison between bioadsorption kinetics
of metallic ions by marine alga S. filipendula and alginate extracted from the alga Figure 4 presents the bioadsorption kinetic curves of different metallic ions by the marine alga S. filipendula and by the alginate biopolymer extracted from the alga. It can be observed that for the marine alga S. filipendula, the kinetic is very fast at the beginning, tending towards an equilibrium state before 100 minutes, except for the Cd 2+ ion, which took approximately 250 minutes to reach equilibrium. Different behaviors in the bioadsorption kinetic curves of metallic ions by alginate biopolymer extracted from the alga were observed, with changes in the shape of curves and increase in the time needed to reach equilibrium. The curve becomes longer, indicating that resistance to the transfer of mass in the calcium alginate particles is taking place.
The alginate is extracted from the alga in the form of sodium alginate, and in order to be used as bioadsorbent, it is jellified in the form of calcium alginate. Since the ionic exchange is the main mechanism responsible for removing metallic ions in the alginate biopolymer, the greater resistance to mass transfer observed for the alginate in comparison to the alga can be related to the exclusive presence of calcium ion in the alginate, whereas in the alga, different ions such as Mg . These ions present in the biomass are more easily exchanged when compared to the calcium ion in the calcium alginate. Consequently, a greater resistance to mass transfer and an increase in the time needed to reach adsorption equilibrium could be noticed for the alginate biopolymer. Figure 5 shows the bioadsorption isotherms for Pb 2+ , Cu 2+ , Cd 2+ and Zn 2+ in marine alga S. filipendula and in calcium alginate beads, with adjustment by Langmuir model. Table 3 presents the parameters obtained from these adjustments.
Comparative study of the equilibrium of different metallic ions by the marine alga Sargassum filipendula and by the extracted alginate
The following affinity order was observed for the marine alga S. filipendula and for the alginate biopolymer extracted from the alga by the metallic ions:
. It is important to emphasize the role of this biopolymer in the removal of Pb 2+ and Cu 2+ ions. For these ions, when the alginate is isolated, it acts as a bioadsorbent, and adsorption capacities higher than those found for marine alga S. filipendula were found, indicating that this is the main group responsible for the removal of metallic ions.
Haug 22 studied the release of ions present in the alginic acid extracted from the Laminaria digitata alga with the presence of different heavy metals in solution. In the paper, the authors could observe the exchange between ions existing in the alginate and the heavy metals present in the solution and, also, that the amount of exchanged protons 2+ and Cd 2+ ions, the opposite was observed. Greater bioadsorption capacities were observed for the marine alga in comparison to the alginate biopolymer, indicating that the other functional groups present in the alga, such as sulfate and amino, are important in the bioadsorption of these ions.
Moreover, although the link between biomass and metallic ions can be seen as an ionic exchange process between H + ions and metallic ions present in acid functional groups, the high degree of selectivity presented by biomass from certain ions suggest that some of them are directly coordinated with the functional groups via the formation of internal sphere complexes. This type of adsorption is particularly important for Cu 2+ and Pb 2+ ions. The greater importance of covalent binding for Cu compared to Ni is due to the fact that while electrostatic attraction is equally strong for both metals, covalent binding constants are higher for Cu than for Ni 23 . The higher electronegativity to Cu leads to more equal (covalent) sharing of electrons with a ligand atom such as oxygen as it occurs in carboxyl groups 24 . Correspondingly, covalent binding was more important for Cu than for Ni, which was bound predominantly by electrostatic attraction. ). However, Pb 2+ and Cu 2+ ions presented high affinity both by the marine alga S. filipendula and by the alginate extracted from the alga. The Zn 2+ and Cd 2+ ions presented reduced removal capacities in the extracted alginate when compared to the alga, indicating that functional groups such as sulfates and amino present in the alga are important in the removal of these ions. By analyzing the FT-IR, it can be concluded that the extraction process for the biopolymer was efficient and that the functional groups present in the alga and in the alginate extracted from the alga are participating in the bioadsorption process of all metallic ions studied herein. 
Conclusions
